Abstract: Wood is a key structural element in aquatic ecosystems. Wood provides habitat complexity, alters geomorphology, retains organic and inorganic material, promotes hyporheic flow, and acts as substrate for biofilms and invertebrates. Fire is an important disturbance promoting wood recruitment into inland waters, but most studies have focused on streams in western North America. Less is known about fire-derived wood dynamics on other continents or in lake environments. Here, we review fire effects on the recruitment, distribution, and function of in-stream wood, with emphasis on a series of studies from the Euro-Mediterranean. The amount of large wood in these streams was low and is expected to decline in the future because of wildfire. Wildfire engendered inputs of wood with low structural complexity, probably reducing habitat heterogeneity for aquatic organisms. Fire also provided wood with greater diameter than wood recruited by other means, but its longevity may be shorter because burned wood was more decayed and less anchored in the channel than unburned wood. Wood delivery processes are important because macroinvertebrate colonization differed between fire-derived wood that fell directly into the river and wood conditioned first on the forest floor. We present a case study describing wood dynamics in a lake after a wildfire in northern Minnesota, USA. In this study, wildfire created an area of lake shoreline with disproportionately more wood than areas unaffected by wildfire. In contrast to streams, burned wood was more complex than unburned wood in the lake system. One of the explanations may be greater scouring, abrasive action by stream flows, which breaks down burned wood faster than in lakes. Given the expected increase in the probability and severity of fire around the world, information in our review can be used to help manage riparian zones of streams and lakes. Key words: large woody debris, disturbance, stream restoration, forest management, eucalyptus, cork oak, maritime pine, macroinvertebrates, community structure Downed wood pieces in streams are key links between terrestrial and aquatic ecosystems, and fire can affect forested streams and lakes via burned wood. Opening of the forest canopy by wildfire often is accompanied by an initial flux of fire-exposed wood (Jones and Daniels 2008) . The delivery of burned wood into inland waters may become more common as changing global climate and ongoing anthropogenic activities combine to increase the probability and severity of fire around the world (Moriondo et al. 2006 , Flannigan et al. 2009 . Given wood's im-portance in water bodies (see Gregory et al. 2003) , surprisingly little is known about the fate and consequences of fire-derived wood in freshwater ecosystems.
Possible effects of fire on wood in streams and lakes include alteration of wood characteristics and inputs, and the dynamics of wood transport and storage in the water body. In turn, fire-induced changes in the quantity and character of wood inputs have the potential to affect the aquatic biota and to cause shifts in ecosystem processes. Transformations in wood physical structure occur because, in addition to changing wood mass, fire changes the form of wood pieces and alters postfire decomposition rates (Harmon 1992) , thereby affecting the complexity and size of wood delivered to freshwaters. For example, tree boles tend to survive fire, whereas most branches are consumed in the blaze (Agee 1993) . If burned wood pieces lack branches upon entering water bodies, a decrease in surface area may occur with consequences for habitat complexity for aquatic organisms (Sundbaum and Näslund 1998, Kovalenko et al. 2012 ). On the other hand, simple and straight wood pieces are less likely to become trapped or snagged during high flows than are irregular pieces of a similar size (Gurnell 2003) . Wood size can also influence how wood affects the distribution, diversity, and abundance of organisms (Lester et al. 2009 , Howson et al. 2012 . Nevertheless, the specific effects of fire on the characteristics, inputs, and dynamics of wood recruited to inland waters and its repercussions for the aquatic biota remain poorly understood.
In contrast to burned wood, the biological importance of unburned wood in fresh waters is reasonably well documented. For example, Benke et al. (1984) reported that submerged wood substrates in rivers had higher insect abundance and diversity than surrounding sandy or muddy bottoms. For aquatic invertebrates, wood provides refugia, foraging, and attachment substrate at different life-cycle stages (Hoffmann and Hering 2000 , Benke and Wallace 2003 , Pitt and Batzer 2011 , Molokwu et al. 2014 . The nutritional value of wood is low, but several stream macroinvertebrates can ingest wood (Spänhoff et al. 2000) , and a few can digest wood (Monk 1976) or the epixylic biofilm on wood surfaces. Mihuc and Minshall (1995) even found one macroinvertebrate taxon able to grow on burned organic matter (a mixture of wood and leaves). Several investigators have addressed the structural importance of wood for macroinvertebrates in streams (Wallace et al. 1995 , Hilderbrand et al. 1997 , Lemly and Hilderbrand 2000 , Warren and Kraft 2006 , including the effects of wood on flow patterns and organic matter retention (Entrekin et al. 2009 , Testa et al. 2011 . For fish, wood primarily provides habitat and refugia, such as pool habitat (Bilby and Bisson 1998 , Berg et al. 1998 , Dolloff and Warren 2003 , and fish diversity and abundance is usually higher in streams with greater wood loading (Fausch and Northcote 1992 , Neumann and Wildman 2002 , Wright and Flecker 2004 .
Studies on wood dynamics in freshwaters have been focused more on streams and rivers than lakes. In both cases, studies specifically addressing the effects of fire-derived wood on forested inland waters have been almost nonexistent until recently. Young (1994) conducted the first study on fire effects on in-stream wood, and only a few subsequent investigators have evaluated the effect of fire on wood loading to streams (Zelt and Wohl 2004 , Chen et al. 2005 , Arseneault et al. 2007 , Jones and Daniels 2008 . Published studies from beyond North America are limited, partic-ularly those documenting fire effects on habitat structure and the biota of aquatic ecosystems. Studies from different biomes are needed. To date, the work of Vaz et al. (2011 Vaz et al. ( , 2013a Vaz et al. ( , b, 2014 in the Euro-Mediterranean region comprises the only set of studies specifically addressing the longterm effects of forest fires on stream geomorphology and functioning via burned wood. Stream ecosystem functioning includes a variety of processes, such as the production, retention, and decomposition of organic matter, or the retention and recycling of nutrients (Elosegi et al. 2010, Elosegi and Sabater 2013) . To date, studies quantifying burned wood and its consequences for lentic ecosystems have not been conducted.
Here, we review fire effects on characteristics, recruitment, and distribution of large wood and their implications for aquatic ecosystems and their biota. We first introduce the topic of burned wood in streams as assessed through the literature. Second, we synthesize works regarding fire effects on in-stream wood and, thus, fluvial systems, by drawing from our studies in streams of east-central Portugal in a fire-prone area. The overall aim of these studies was to better understand the long-term effects of fire on lotic ecosystems mediated by fire-derived wood. In our review, we define long-term effects of fire as those lasting >1 y. For these studies, the unifying hypothesis was that fire would influence the long-term geomorphology and habitat structure of streams and their biotas through its effects on stream wood. Third, we introduce the topic of wood in lakes and set the scene for identifying similarities and potential key differences in wood processes between streams and lakes. Fourth, we present a case study describing wildfire-wood dynamics in a lake after the Pagami Creek Fire in northern Minnesota, USA. The goals of the case study were to: 1) compare the physical structure and position along lake shorelines of burned and unburned wood, 2) compare the quantity of wood along burned and unburned lake shorelines, and 3) test the effect of the prevailing wind direction on the quantity of shoreline lake wood. We hypothesized that: 1) burned and unburned wood would differ in structure and position along lake shorelines, 2) the burned shoreline would have the most wood pieces/100 m, and 3) upwind lake shorelines would have more wood than downwind shorelines. We conclude with an integrative discussion, management recommendations, and suggestions for future research.
FIRE-DERIVED WOOD IN FORESTED STREAMS
Fire can affect in-stream wood and, thus, fluvial systems through a variety of mechanisms, including changes to the characteristics of the wood itself, its stock and dynamics, and its effects on stream ecosystem functioning and the biota. These topics were considered in a series of studies ( Fig. 1 ) in 27 streams in east-central Portugal evenly distributed among 9 burned subbasins of the Tagus River dominated by forests of cork oak (Quercus suber), eucalyptus (Eucalyptus globulus), and maritime pine (Pinus pinaster). Riparian tree species in-cluded ash (Fraxinus angustifolia), alder (Alnus glatinosa), black poplar (Populus nigra), willow (Salix atrocinerea, Salix alba, Salix salvifolia), silver wattle (Acacia dealbata), and hawthorn (Crataegus monogyna). As is common in Mediterranean climates, watersheds of the streams had experienced wildfires (Stella et al. 2013) , in this case within 4 to 6 y prior to sampling, and a burned corridor of ≥100 m was present on both sides of each stream. Vaz et al. (2011) shed light on the specific effects of fire on the physical characteristics of wood recruited to streams and found that the overall structure of stream wood was strongly influenced by wildfire. Burned stream wood was straighter, had fewer branches, was more decayed, and was thicker in diameter than unburned wood . In California, USA, Bendix and Cowell (2010) found differences in the size of wood pieces that were related to tree species, results in line with those of Vaz et al. (2011) . In Portugal, postfire timberproduction forests (maritime pines and eucalyptus) contributed thinner, longer, and straighter wood pieces to streams than slow-growing cork oak stands. Maritime pine wood had more rootwads and branches than other species. Pieces from cork oak and riparian species generally had a bent form, were short, and had no rootwads. Aside from the direct effects of burning, the authors noted the potential for postfire management activities to change the characteristics of wood that entered streams; e.g., sawing pieces to reduce their length or creating piles of slash along stream banks.
Fire also can change the stocks and spatial distribution of wood in streams. For example, a stream in a burned watershed in Idaho, USA, had 5× greater volume of wood than similar streams in unburned watersheds, but the wood provided little in-stream function because most was still bridging the stream 20 y postfire (Robinson et al. 2005 ). In contrast, postfire stocks in streams in east-central Portugal (for quantities see Vaz et al. 2013b ) were similar to the lowest values published by Gregory et al. (1993) for the unburned Lymington River basin (0.6-50 m 3 /ha) and by Richmond and Fausch (1995) for streams in a harvested forest in the Rocky Mountains, USA (12.0-147 m 3 /ha).
In our review, we define wood organization as nonrandom spatial distribution along the stream or the lake shoreline. In the study by Vaz et al. (2013b) , wood volume (1-4: Vaz et al. 2011 (1-4: Vaz et al. , 2013a (1-4: Vaz et al. , b, 2014 per area and in-stream spatial distribution patterns differed among forest types. For example, cork oak forests had the least wood but the most organized spatial distribution. Vaz et al. (2013b) used binned neighbor-k analysis (Kraft et al. 2011) to assess wood organization (segregated, random, or aggregated) and found that streams in burned cork oak plantations had more wood-segregated areas, i.e., areas with less wood than expected by chance, than streams in other burned plantations. In these streams, the low spatial organization of wood suggested that input dynamics played a major role; i.e., fire-derived wood probably was entering the system at a rate higher than stream transport processes (producing a consequent nonrandom distribution; Warren 2003, Kraft et al. 2011 ). In addition, wood spatial patterns may be related to within-channel vegetation obstructions, management actions, and fire effects (Silva et al. 2009 , Vaz et al. 2013a . Spatial distribution may further vary with bank erosion or lateral transport in floodprone areas (Stella et al. 2013 ) and among different tree species Cowell 2010, Vaz et al. 2013b ).
Some investigators have attempted to assess the time needed postfire for wood stocks in streams to return to prefire levels (Young 1994 , Zelt and Wohl 2004 , Arseneault et al. 2007 , Jones and Daniels 2008 . These studies clearly showed that large burned wood may remain in streams for years as a major and conspicuous legacy of fire events. For example, Vaz et al. (2013b) found that 70% of wood pieces in their study streams were burned, but decay was high for 90% of them (using decay classes adapted from Jones and Daniels 2008) . In a future where fires are expected to become more common (Moriondo et al. 2006) , streams could potentially be in a perpetual state of recovery. If burned wood is depleted and is replaced by fewer wood pieces from a young forest, recovering streams will have low stocks of large wood. Individual pieces of wood then may become particularly important (Rosenfeld and Huato 2003) in providing habitat for the biota and the physical framework for ecosystem processes (Elosegi et al. 2010 ). In addition, only a subset of wood substantially influences geomorphological, hydraulic, and ecological functions at any one time. For example, bridging pieces may be downed by fires but might not influence most stream functions until ≥20 y postfire (Robinson et al. 2005) .
Wood pieces can affect virtually every physical, chemical, and biological process in streams , Ashkenas et al. 2004 , Daniels 2006 , Baillie et al. 2008 , Coe et al. 2009 , Merten et al. 2013 . Functional large wood consists of pieces that perform ≥1 observable function in the stream (Vaz et al. 2013a ), such as deflecting flow, retaining sediment, armoring banks, creating debris jams, retaining organic matter, or serving as a substrate for aquatic vegetation, biofilms, invertebrates, and oviposition sites (e.g., for amphibians). The burn status of stream wood affects its size, geometry, and overall stability, and is likely to influence its effects on a stream's physical and biological condition through direct and indirect mechanisms (Everett and Ruiz 1993 , Gurnell et al. 2002 , Chen et al. 2008 , Schneider and Winemiller 2008 . For example, changes in wood size and shape can influence the degree to which wood affects the diversity and abundance of the biota, and wood stability, in turn, influences channel morphology (Jackson and Sturm 2002 , Andreoli et al. 2007 , Comiti et al. 2008 , Lester et al. 2009 ). Large wood pieces have a greater longterm influence on habitat and physical processes than small pieces (Dolloff and Warren 2003) . By creating wood that lacks structural complexity (no branches, straighter), wildfire probably will reduce habitat complexity and diversity for aquatic organisms (Sundbaum and Näslund 1998) . Vaz et al. (2013a) summarized by noting that burned pieces were large in diameter (thus, more likely to be functional, e.g., via pool formation; Magilligan et al. 2008 ) but more decayed and not anchored (thus, less likely to be functional). These counter-balancing effects may explain the lack of a direct effect of watershed burn status on stream function (as defined above).
Burned wood from riparian trees may be damaged and then directly enter stream channels, or wood may fall onto the forest floor and remain there until it moves laterally into stream channels during floods or bank erosion (Bendix and Cowell 2010) . Few investigators have examined the importance of these wood input processes vs wood burn status for the aquatic biota. Vaz et al. (2014) examined the influence of wood preconditioning and burning on instream colonization by macroinvertebrates. They conducted a field experiment in which burned and unburned wood pieces were conditioned for 1 y in streams (water preconditioning) or on the forest floor (soil conditioning) before being placed into streams. Invertebrate colonization of this conditioned burned and unburned wood was compared to that on unconditioned burned and unburned wood placed directly in the stream. Contrary to expectations, patterns in invertebrate colonization did not differ substantially between burned and unburned wood. However, wood preconditioning significantly influenced macroinvertebrate colonization. Wood that entered stream channels directly attracted more opportunistic taxa (e.g., chironomids), whereas preconditioned wood had lower densities, but greater diversity, of invertebrate taxa. Further study would be valuable to explore the role of wood recruitment pathways and burn status on the stream biota.
FIRE-DERIVED WOOD IN FORESTED LAKES
Processes related to wood in lakes are similar in some respects to those in streams. Amounts of wood reflect both natural occurrences and anthropogenic influences. At local scales, human development and associated landscaping activities can dramatically reduce wood, as can direct removal of existing wood for aesthetic or recreational rea-sons (Jorgensen et al. 2006 , Marburg et al. 2006 . In more natural settings, the amount of wood in lakes can be correlated with forest stand density, which can be manipulated by forest management (Schindler and Francis 2006) .
Wood provides valuable substrate for the growth of periphyton and invertebrates and may attract fish by providing habitat and attached food (Smokorowski et al. 2006 ). Lewis et al. (2014) found more amphipods and their invertebrate predators in a lake after than before a fire in the surrounding uplands. They did not assess wood, but wood inputs could have increased (see our case study below), and generalist amphipods might have been consuming the wood directly (Kobayashi et al. 2012) or using it as shelter from fish predators (Czarnecka et al. 2014) . Other changes, such as in water chemistry, also could explain the results (Lewis et al. 2014) , and tests of these possibilities would be valuable.
Processes related to wood in lakes may differ from those in streams in 2 key aspects. First, wind can certainly deliver wood to streams (e.g., Hemstad et al. 2008 ), but we expect that wind exposure may cause stronger responses along lakes than along streams. Large lakes have substantial fetch lengths and, when fetch >∼50× tree height, winds may blow unimpeded and strike riparian trees on the downwind shore with maximum force (Markfort et al. 2010) . Unlike the wind-sheltered trees along narrow streams, which tend to fall toward the stream (Sobota et al. 2006) , trees on downwind shores of lakes are more likely to fall away from the water. Moreover, recruitment of wood (via wind or other mechanisms) from the upwind shores into lakes may be greater than into streams (see case study below). However, we suggest that wind-generated wood recruitment will increase with stream width, although such a relationship would be difficult to disentangle from the shifting role of bank erosion (Martin and Benda 2001) . A counterargument is that trees along lakes and wider rivers may be better adapted to wind (Mitchell 2012) . Aside from wind, other conditions, such as ground slope and crown asymmetry (Rentch 2010), can influence the direction of tree fall and may lend further variability to patterns of wood recruitment.
Another key difference between wood processing in lakes and streams is the fate and longevity of wood once delivered. If detached from the shoreline, wood in lakes may eventually float and accumulate along the downwind shore (Marburg et al. 2009 ). Thus, the spatial distribution of wood in lakes is not expected to be random (as in streams; Vaz et al. 2013b ). However, regardless of transport, wood probably breaks down more slowly in lakes than in streams and may remain in place for longer periods. Over time, wood can become water logged and sink to the lake bottom where decay rates and physical abrasion are both minimal. For example, Gennaretti et al. (2014) found preserved pieces of wood that spanned multiple millennia in lakes in Quebec, Canada. Wave action may mobilize wood to some extent, but we suggest that wood in streams generally is subject to greater hydraulic forces, water-level fluctuations, and bedload abrasion, which together can lead to breakage (Merten et al. 2013 ) and more rapid decomposition. In temperate or colder climates, ice flows during spring may also cause major wear on wood in streams (ECM, personal observation). Conversely, the main forces of nonbiological degradation acting on wood in lakes may be from ice heave on lake surfaces. Ice heave affects only wood in shallow littoral areas and only in colder climates, but the phenomenon apparently has not been studied to date. Biological contributions may increase decay rates more in streams than lakes because of greater aeration and mixing in streams (Kretschmar et al. 2008) . However, some wood may persist for millennia in slackwater areas and after burial (Hyatt and Naiman 2001, Boucher et al. 2006) .
FIRE-DERIVED WOOD IN FORESTED LAKE ISABELLA, MINNESOTA, USA Study area
We studied fire-derived wood in Lake Isabella, in northern Minnesota. The study area was in the Superior National Forest, where anthropogenic effects are generally limited to sparse roads and forest management. Average temperatures for summer and winter are 19 and -17°C, respectively (USDA 2015). The lakes are surrounded by transitional temperate-boreal forest, and riparian vegetation was dominated by jack pine (Pinus banksiana) and paper birch (Betula papyrifera), with ∼10-20 cm diameter at breast height (DBH).
The Pagami Creek fire originated from a lightning strike 20.9 km east of Ely, Minnesota, and was first detected on 18 August 2011. After a sudden drop in relative humidity and an increase in wind, the fire reached the forest canopy and began to spread quickly. The fire travelled with the prevailing wind in a southeastern direction, primarily through a remote wilderness area (Boundary Waters Canoe Area Wilderness). By the time it ended in November 2011, the burned area was 376 km 2 (USDA 2012).
Data collection
We sampled wood on 6-11 August 2013 from 5 lakes in the study area: Isabella, Wilson, Silver Island, Windy, and Whitefish. Lake size varied from 137 to 509 ha (Table 1). Lake Isabella was near the center of the burned area (Fig. 2) . The lakes in the unburned area were chosen from those within 5 to 20 km of Lake Isabella based on similarities in size and shoreline. We selected shorelines at each lake aligned with the annual prevailing wind direction; i.e., northwest to southeast.
We sampled 13 shoreline sections (2-4/lake). Within each section, we assessed wood pieces that met the follow-ing criteria: 1) one end resting on the bank, and the other end submerged in the water (i.e., ramping pieces, excluding fully submerged ones), 2) the entire diameter of the submerged end under water, and 3) ≥1 m of length that was ≥10 cm in diameter above or in the water. Physical mea-surements taken for each piece of wood were: total length, diameters at the center and both ends, lateral distance from the shoreline to the center of the piece, elevation of the center above or below the water surface, north-south horizontal angle relative to the water surface, orientation (°), % wood Table 1 . Bathymetry, water clarity, and wood counts for the 5 study lakes in northern Minnesota. Number of wood pieces/100 m is shown for upwind and downwind shorelines. All wood pieces from the upwind side of Lake Isabella were burned, whereas the wood pieces from the downwind side of Lake Isabella and both sides of all other lakes were unburned.
Lake
Fetch ( surface that was burned (i.e., charred), % covered with bark, and whether the piece was bent or straight, partially buried or rooted in the bank, had a rootwad, and subjectively felt soft or firm when gripped. We measured complexity of each piece of wood as described by Newbrey et al. (2005) , where pieces with more branches and twigs had a higher complexity. Some measurements were later simplified into classes for the analysis: elevation (<-30, -30 to 30, >30 cm), angle (<10, 10-20, >20°), orientation (<20, 120-240, >240°), % bark/burned (<33, 33-66, >66%), buried (yes, no), and complexity (<20, ≥20). We georeferenced the position of each piece of wood along the lake shoreline with a global positioning system (GPS; Garmin GPSMAP 62st, Sijhih, Taiwan). Using Google Earth ® , we digitized the sampled lake shorelines from a fixed altitude position of 914 m and overlaid the wood-pieces layer. We calculated the length of shorelines sampled, and recorded the aspect of the shoreline at each piece of wood. Then, we calculated the number of pieces of wood/100 m of shoreline for each lake.
Data analysis
We used Tukey contrasts for multiple comparisons of means to test for differences in variables between pairs of lakes with unburned shorelines (plus the unburned Lake Isabella shoreline). We investigated differences in diameter and length between burned/unburned wood pieces with 2 randomization t-tests (with 10,000 randomizations). We used a frequency analysis to compare patterns in counts of burned and unburned pieces across the classes of each variable in contingency tables. We then explored the pattern of standardized residuals to reveal which cross-classifications deviated the most and in what direction from expected values and, thus, contributed most to the lack of independence between burned status and the class of the variable. For lakes with unburned shorelines, we used a paired t-test to determine whether wood/100 m differed between upwind northwestern shorelines and downwind southeastern shorelines. We used a 1-way analysis of variance to test if the ratio upwind ∶ downwind wood pieces/100 m differed significantly between Lake Isabella and the 4 lakes in the unburned area. All analyses were done in R (version 3.1.1, R Project for Statistical Computing, Vienna, Austria).
Results
We tallied 122 wood pieces by burn status and estimated the number of wood pieces/100 m for upwind and downwind shorelines for each lake (Table 1) . We found significant differences between pairs of unburned lakes in aspect, % bark, and complexity (Tukey contrasts for multiple comparisons of means; p < 0.05), indicating that some local factor(s) might have influenced these variables. Whitefish Lake was involved in all significant differences, so we omitted the 8 pieces of wood sampled there from the analysis of aspect, % bark, and complexity. Pieces of wood/100 m at lakes with unburned shorelines did not differ between upwind (2.1 ± 2.8/100 m [mean ± SD]) and downwind shorelines (2.5 ± 3.4/100 m) shorelines (t = -1.1, df = 3, p = 0.33). The ratio of upwind:downwind wood pieces/100 m was significantly higher for Lake Isabella than for the lakes with unburned shorelines (Lake Isabella = 51.00, mean for lakes with unburned shorelines = 1.05 ± 0.39; F = 12840, p < 0.0001).
Burned wood differed from unburned wood in several ways ( Table 2 ). Burned pieces of wood were significantly longer than unburned pieces (means: burned = 11.2 m, unburned = 7.0 m; t = -6.0, R = 10,000, p < 0.001; Fig. 3A) . Complexity was significantly associated with burn status (contingency table test, χ 2 = 35.1, p < 0.001; Fig. 3B ). The percentage of burned wood pieces with complexity ≥20 was higher than expected, and the frequency of burned wood with complexity <20 was lower than expected (standardized residuals; Fig. 3B ). Burned wood was significantly farther from shore than unburned wood (means: burned = 3.3 m, unburned = 2.4 m; t = -2.2, R = 10,000, p < 0.001; Fig. 4A ). North-south orientation (χ 2 = 13.3, p = 0.001; Fig. 4B ) and shoreline aspect (χ 2 = 25.8, p < 0.001; Fig. 4C ) were significantly associated with burn status. Burned wood tended to occur more frequently between 120 and 240°in both cases than expected (Fig. 4B, C) .
INTEGRATIVE DISCUSSION
Our review lends support to the general hypothesis that fire can influence the long-term structure and functioning of forested lotic ecosystems. Wood can exhibit long-term changes after fires with clear consequences for streams (Nakamura and Swanson 2003) . Research in east-central Portugal showed that lotic ecosystems still reflected wildfires that occurred <10 y before sampling and were likely to retain a strong fire signal for years to come (Vaz et al. , 2013b . In addition, fire led to changes in the characteristics of stream wood including its physical structure, quantity, and distribution in the stream network, potentially leading to future shifts in channel form with consequences for stream functioning. Some research has been done on woodecosystem function relationships (Lyons et al. 2005 , Wallace 2007 , geomorphological, hydraulic, and ecological functions (Vaz et al. 2013b) , and the role of wood for stream macroinvertebrates . As one might expect, including variables also influenced by biological activities shows that the response of stream ecosystem functioning to burned wood is complex (sensu Elosegi et al. 2010, Elosegi and Sabater 2013) .
Our results in Lake Isabella were consistent with a pulse of whole, burned trees that entered from the shoreline of an area burned by a wildfire <2 y before our survey. Gen-
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December 2015 | 1475 naretti et al. (2014) observed that 2 of 12 wildfires affecting their study lakes in Quebec, Canada, were followed by massive wood recruitment. Our first 2 hypotheses were clearly supported; i.e., burned and unburned wood differed in structure and position along the shoreline, and the burned shoreline had more wood. Burned wood also was longer, more complex, had rootwads more often, and was at greater distances from the shore than unburned wood. Altogether, these data suggest that whole burned trees fell into the lake with much of their structure still intact. This result is important because wood pieces with greater branching complexity and roots have more surface area and may provide more habitat and resources to the aquatic ecosystem than wood with simpler structure (Sundbaum and Näslund 1998, Vaz et al. 2011 ). In the short term, this pulse of wood in burned lakes might be a boon to aquatic organisms. For example, wood can host a greater invertebrate biomass than open sediment by providing both substrate and a source of food (Smokorowski et al. 2006) . However, in the longterm, little or no new wood may be recruited from riparian trees until the forest recovers (Guyette and Cole 1999, Gennaretti et al. 2014) . Thus, as the burned wood decays, habitat and food resources for aquatic organisms may decrease. Gennaretti et al. (2014) calculated recovery times of up to 225 y for wood recruitment patterns, depending on fire severity and stand regrowth.
In streams in east-central Portugal and the lake in Minnesota, wildfire appears to have influenced the spatial distribution of wood. The burned shoreline had a higher concentration of pieces than did the unburned shoreline, and no unburned wood was observed along the burned shoreline of Lake Isabella. The distribution of wood in inland waters that experience wildfires may be patchy if burned wood enters or is transported differently than unburned wood. For example, streams with burned watersheds may transport wood more readily than those with unburned watersheds (Young 1994 , Minshall et al. 1997 ) because of postfire alterations in hydrology (Marcus et al. 2011) . Wildfires also may change wood transport dynamics, and thus spatial organization, if burned wood itself is more or less susceptible to transport. For instance, if burned pieces tend to be larger in diameter as time passes ), they will be transported less readily (Merten et al. 2010) , but this discrepancy may be short-lived depending on an increased tendency to break if they are brittle (Merten et al. 2013) or may be counteracted by buoyancy if burned pieces have lower density. Contrary to our expectations, wood recruitment in unburned lakes in Minnesota showed no evidence of upwind/downwind differences. This finding calls into question whether wind recruitment is more important in lakes than streams. More work is needed to test this idea.
Patterns in size and structural complexity of burned wood differed between streams in east-central Portugal and lakes in Minnesota. In contrast to the pattern in streams, burned wood in Lake Isabella was structurally more complex than unburned wood. At least 2 explanations might account for the differing results. First, the results support our expectation that the abrasive action of flow on wood breakdown appears to be greater in streams than lakes because hydraulic forces, water-level fluctuations, bedload abrasion, and ice flows are greater in streams. Burned wood may be physically weaker and more brittle than unburned wood and, thus, more susceptible to breakdown from physical processes. Second, the streams were sampled 6 y after their watersheds burned, whereas the lake was sampled 2 y after the shoreline burned. The longer time period, combined with more active processes of physical breakdown, may explain why burned wood in the lake tended to be more complex than the burned wood in the streams.
Management and conservation implications
With or without wildfire, the critical role of wood in aquatic ecosystems makes it particularly important for management and conservation efforts. Differing values are placed on wood by various riparian stakeholders, so developing management plans around large wood can became contentious, and the success of any practice will be limited by the sociocultural framework, legislation, and historical context. Large wood is beneficial for ecological functions, but riverscapes with wood are sometimes perceived as less aesthetically pleasing, more dangerous for recreation, and in need of more improvement than riverscapes without wood (Piégay et al. 2005 , Gregory 2006 , Wyzga et al. 2009 ). In some cases, public concerns regarding wood may be warranted, especially in situations where infrastructure, such as bridges or culverts, may be threatened and human life put at risk by transported wood. In Minnesota and elsewhere, stream restoration sometimes involves removing wood because it threatens human-installed habitat structures, such as bank hides for trout. However, we suggest that infrastructure should be designed to pass natural sediment and wood loads as well as water. Large, accommodating infrastructure (i.e., large culverts or wide bridges) is likely to be more costly than small ones, but the extra cost may be mitigated to some extent by an associated decrease in maintenance costs (e.g., no more annual removal of retained wood) and risk to human life. Economic analyses on this subject would be valuable.
Many streams and lakes have been deprived of their natural wood stocks and loadings as human populations increase (Petts and Welcomme 2003) . In Portugal, even though few people live around small streams and lakes in rural areas, current national legislation requires owners of land, including beds and banks of inland waters, to clean and clear the waterways of wood (Vaz et al. 2013b) . In contrast, the European water framework directive (WFD) requires "good conditions" that are "not far from natural conditions" for streams throughout Europe. Clearly, stream wood plays an important role in meeting the intent of this policy, and authorities seek good management practices to meet the WFD, particularly when attention is drawn to water bodies after wildfires.
Removal of large wood from streams and lakes after wildfire can negatively affect stream ecosystem structure and functioning. For example, in central Portugal, in-stream large wood is not abundant, but it is important for the morphology and habitat structure of these lotic ecosystems. Removing burned wood from these streams means removing most of this valuable resource, rather than a small part of the total wood, with probable ecological repercussions. Wood inputs may be elevated shortly after wildfire because of tree mortality (Harmon et al. 1986, Benda and Sias 2003) , but inputs are low during the extended postfire period of regrowth (Minshall et al. 1989) . The end result is that removed wood may not be replaced for decades, and even in the best case, it will be replaced by smaller pieces (e.g., from recovering trees). Smaller pieces have less influence on bedload or sediment retention, bank armoring, and debris jams (Vaz et al. 2013a) . Removing burned wood from streams also may be unnecessary because burned wood decays quickly and has less longevity than unburned wood (Vaz et al. 2013b ). Removal of detached wood pieces also should be avoided in small intermittent or temporary streams, such as those in some cork oak forests where large wood is less abundant. In such streams, small wood may provide the only refugia (e.g., pools) for the biota during low flows (Robson et al. 2013 ). On the other hand, the suggestion by Vaz et al. (2013a) that bridging wood pieces are less functional, at least until they break, aligns well with safety and navigability concerns because this wood could be removed without ecological cost when balancing safety vs ecosystem concerns.
Another major recommendation is that practitioners should consider leaving fire-derived wood on stream and lake banks or on floodplains. The wood on the forest floor may remain there until it moves laterally into streams or lakes during floods. Our research in central Portugal clearly demonstrated that wood entering the stream after some time on the forest floor was colonized by macroinvertebrates differently than wood that entered the channel directly and that wood conditioned on the forest floor supported aquatic communities with greater diversity ). In addition, although large fire-derived wood lying near a stream usually deteriorates rapidly ), for a time it contributes to bank stability and sediment retention Daniels 2008, Jones et al. 2011 ). However, a word of caution should be given in the case of small streams. Within the years for which we collected data in east-central Portugal, we observed the recruitment of large piles of burned wood compiled by humans into streams on several occasions, especially in cork oak agrosystems (e.g., slash from branch pruning for rehabilitation of burned trees). When combined with within-channel vegetation obstructions, these wood jams soon caused undesirable channel cutting. Under these circumstances, when channel form dictates an extreme spate risk, removal of longer stream wood pieces may be necessary in managed systems. Similarly, although they may interfere with lateral delivery of downed wood from the floodplain, postfire structures, such as sediment traps to disrupt overland flow and reduce erosion, may be necessary in highly managed systems (Beschta et al. 2004 ).
An important finding of our research in central Portugal was that downed stream wood, even after burning, still retains the species-specific physical architecture of the living trees, and tree species could not be pooled in terms of their effects on stream ecosystem structure and function or in-stream wood movement ). Furthermore, wood function in streams is not simply a matter of wood size, but also a function of longevity indicators, such as anchoring and decay status (Vaz et al 2013a) . These conclusions are important when considering restoration projects adding natural and potentially mobile wood intended to emulate natural conditions. Overall, practitioners installing wood to streams should consider adding pieces ∼3× the channel width in length, with wide diameter and rootwads, and anchored but not bridging the channel. Wood previously conditioned on the forest floor does have value as potential stream wood and should be considered for addition together with freshly cut wood (Vaz et al. 2013a ). In operations aimed at increasing stream hydraulic and habitat complexity, managers should avoid inputs of large wood with simple structure (e.g., eucalyptus).
Recovery of riparian areas and, thus, streams from wildfires ultimately depends on regrowth of forest stands. Dependence on regrowth may be particularly strong for wood inputs, which may be depressed for decades following wildfires (Guyette and Cole 1999, Gennaretti et al. 2014) . Management activities, such as protecting surviving trees and replanting native trees, may act to expedite recovery, whereas livestock grazing or postfire logging may have the opposite effect (Beschta et al. 2004) .
RESEARCH DIRECTIONS
We have highlighted key findings regarding effects of fire on aquatic ecosystems via burned wood, but many knowledge gaps still exist and several hypotheses should be tested (Table 3) . A number of questions remain, in particular regarding the persistence of fire-derived wood (items 1 and 2 in Table 3 ). A broader regional perspective is needed (item 3 in Table 3 ) because the few studies relating to fire effects on wood in aquatic ecosystems were conducted in western North America. The work by Vaz and others in the Euro-Mediterranean region and the case study here from lakes in the mid-western USA expand this scope, but a clearer understanding of regional influences on fire effects is needed. Last, more work explicitly evaluating the function of burned wood relative to unburned wood, such as the initial and long-term effects of fire-derived wood on stream invertebrates and fish, would be valuable (items 4-7 in Table 3 ). We observed differences between burned and unburned wood in our assessment of stream wood function <6 y after recruitment. However, the role of wood may change over time, and few investigators have assessed how long-term wood dynamics and functions are affected by the characteristics of or time since fire. This area of research warrants exploration to build our knowledge of aquatic ecosystem function and the effects of increasingly common large-scale disturbance events on stream ecosystems and their management.
